discrete dynamic model ͉ nuclear factor kappa-B ͉ signal transduction network ͉ T box expressed in T cells ͉ T cell large granular lymphocyte leukemia C ytotoxic T lymphocyte (CTL) activation normally involves an initial expansion of antigen-specific CTL clones and their acquisition of cytotoxic activity. Subsequently, the activated CTL population undergoes activation-induced cell death (AICD), resulting in final stabilization of a small antigen-experienced CTL population (1) . This process requires a delicate balance between proliferation, survival, and apoptosis. T cell large granular lymphocyte (T-LGL) leukemia is characterized by abnormal clonal expansion of antigen-primed mature CTL that successfully escaped AICD and remain long-term competent (2) . Similar to normal activated CTL, leukemic T-LGL exhibit activation of multiple survival signaling pathways (3) (4) (5) . However, unlike normal activated CTL, leukemic T-LGL are not sensitive to Fas-induced apoptosis (6), a process essential for AICD (7) . Recent molecular profiling data suggest that normal CTL activation and AICD are uncoupled in leukemic T-LGL (8) , providing a unique opportunity to decipher the key mediators of CTL activation and AICD in humans.
Network modeling has been increasingly used to better understand complex and interactive biological systems (9, 10) . Experimentally obtained signaling pathway information can be translated into a graph (network) by representing proteins, transcripts, and small molecules as network nodes and denoting the interactions between nodes as edges (9) . The direction of edges follows the direction of the mass or information flow, from the upstream (source) node to the downstream (product or target) node. In addition, the edges are characterized by signs, where a positive sign indicates activation, and a negative sign indicates inhibition. Discrete dynamic modeling is widely used in modeling regulatory and signaling networks because of its straightforwardness, robustness, and compatibility with qualitative data (9) (10) (11) . The simplest discrete models, called Boolean models, assume two possible states for each node in the network: ON (above threshold) and OFF (below threshold). The biological functions by which upstream regulators act on a downstream node can be readily translated into logical statements by using Boolean operators.
In this study, we aimed to systematically understand the long-term survival of competent CTL in T-LGL leukemia by constructing a T-LGL survival signaling network and a Boolean model of the network's dynamics. We found the constitutive presence of IL-15 and PDGF to be sufficient to reproduce all of the other signaling abnormalities. In addition, we studied the predicted key mediators of long-term CTL survival and their related signaling pathways.
Results

Constructing the T-
LGL Survival Signaling Network. We performed an extensive literature search and constructed the T-LGL survival signaling network (shown in Fig. 1 ) by adapting and simplifying a network describing the normal CTL activation-AICD process. The detailed method of network construction is described in supporting information (SI) Text. The information used to construct the network, summarized by giving the source node, target node, two qualifiers of the relationship, and references, is given in Table S1 . The nomenclature of all of the nodes of the network before and after simplification is provided in Tables S2 and S3. The T- LGL survival signaling network incorporates the most unique interactions through which all known deregulations in leukemic T-LGL are connected, in the context of normal CTL activation and AICD signaling. Proteins, mRNAs, and small molecules (such as lipids) were represented as nodes. ''Cytoskeleton signaling'', ''Proliferation'' and ''Apoptosis'' were also included as nodes to summarize the biological effects of a group of components in the signaling pathways and serve as the indicators of cell fate. Because of the unknown etiology of T-LGL leukemia (2), we used ''Stimuli'' as a node to indicate antigen stimulation (12) . This network contains 58 nodes and 123 edges. The biological description of the T-LGL survival signaling network is given in SI Text.
Translating the T-LGL Survival Signaling Network into a Predictive,
Discrete, Dynamic Model. To understand the dynamics of signaling abnormalities in T-LGL leukemia, we translated the T-LGL survival signaling network into a Boolean model. Each network node was described by one of two possible states: ON or OFF. The ON state means the production of a small molecule, the production and translation of a transcript, or the activation of a protein/process whereas the OFF state means the absence of a small molecule or transcript or the inhibition of a protein/ process. The regulation of each component in the network was described by using the Boolean logical operators OR, AND, and NOT (see Table S4 ). OR represents the combined effect of independent upstream regulators on a downstream node whereas AND indicates the conditional dependency of upstream regulators to achieve a downstream effect. NOT represents the effect of inhibitory regulators and can be combined with activating regulations by using either OR or AND. The rules were derived from the regulatory relationships reflected in the network and from the literature. The detailed justification of the logical rules for all nodes in the network is provided in SI Text. As in the biological system, there is a time lag between the state change of the regulators and the state change of the targets. The kinetics of signal propagation is rarely known from experiments. Thus, we used an asynchronous updating algorithm (10, 11) that samples differences in the speed of signal propagation. The detailed algorithm is described in SI Text.
To reproduce how a population of cells responds to the same signal and to simulate cell-to-cell variability, we performed multiple simulations with the same initial conditions but different updating orders (i.e., different timing). The model was allowed to update for multiple rounds until the node Apoptosis became ON in all simulations (recapitulating the death of all CTL) or stabilized in the OFF state in a fraction of simulations (recapitulating the stabilization of the long-term surviving CTL population). The state of Stimuli was set to ON at the beginning of every simulation, recapitulating the activation of CTL by antigen. The states of the other nodes were set according to their states in resting T cells, as described in the SI Text. At the end of the simulation, if the state of a node stabilized at ON even though it was OFF at the beginning of the simulation, we consider it as constitutively active. If the state of a node stabilized at OFF even though it was in the ON state at the beginning of the simulation, or it was experimentally shown to be active after normal CTL activation, we consider it as downregulated/inhibited. During simulations, the state of a node can be fixed to reproduce signaling perturbations. Zambello et al. (13) has demonstrated the presence of membrane-bound IL-15 on leukemic LGL, suggesting a role of IL-15 in the pathogenesis of this disease. In the course of studying constitutive cytokine production in LGL leukemia (14) , we used a protein array as an experimental method. Using this array, we had found high levels of PDGF in LGL leukemia sera (unpublished observation). PDGF exists in the form of homodimers or heterodimers of two polypeptides: PDGF-A and PDGF-B (15). In the current study, we examined the level of PDGF-BB level in the sera of 22 T-LGL leukemia patients and 39 healthy donors and found that PDGF-BB was significantly higher in patient serum compared with normal (P Ͻ 0.005) ( Fig. 2A) . We subsequently incorporated this deregulation into the network model.
To investigate signaling abnormalities underlying long-term survival of leukemic T-LGL, we first tested whether our model could reproduce the uncoupling of CTL activation and AICD by using all known deregulations (summarized in Table S5 ). We did not observe the activation of the node Apoptosis in any simulation. Second, we probed whether all of the deregulations have to be individually initiated or whether a subset of them can cause the others. The effect of a single signaling perturbation can be identified by keeping the state of the corresponding node according to its deregulation and tracking the states of other nodes until a stable (time-independent) state is obtained. IL-15, PDGF, and Stimuli are three nodes that have been suggested to be abnormal in T-LGL leukemia without known upstream regulators in the T-LGL survival-signaling network. To recapitulate the effect of their deregulations without masking the effect of the perturbation tested, the states of IL-15, PDGF, and Stimuli were randomly set at ON or OFF at every round of Table S3 .
updating, i.e., in a random state, except when probing for the effect of their own deregulations.
Through this analysis, we discovered a hidden hierarchy among the known deregulations in leukemic T-LGL, with upstream deregulations as the potential cause of downstream deregulations. We present these regulatory relationships as a hierarchical network in Fig. 2B . Details of the hierarchy analysis are provided in SI Text. Surprisingly, we found that keeping the state of IL-15 at ON was sufficient to reproduce all known deregulations in leukemic T-LGL when setting a random state for PDGF and Stimuli (Fig. S1) . To understand the effect of PDGF and Stimuli individually upon the constant presence of IL-15, we probed all of the possible states of PDGF and Stimuli. We determined that the presence of PDGF is needed for the long-term survival of leukemic T-LGL. In contrast, the constitutive presence of Stimuli is not required after its initial activation (Fig. 2C) . We concluded that based on the available signaling information regarding T cell activation and AICD, the minimal condition required for our model to reproduce all known signaling abnormalities in T-LGL leukemia (i.e., a T-LGL-like state) is IL-15 constantly ON, PDGF intermittently ON, and Stimuli ON in the initial condition.
To test the unexpected prediction that PDGF signaling, together with IL-15, maintains leukemic T-LGL survival, we inhibited PDGF receptor by using its specific inhibitor AG 1296. As shown in Fig. 2D , AG 1296 induced apoptosis specifically in T-LGL leukemia peripheral blood mononuclear cells (PBMCs) but not in normal PBMCs (n ϭ 3-4, P Ͻ 0.03).
Sphingosine kinase 1 (SPHK1) Is Important for the Survival of Leukemic T-LGL. The next question we asked was: Can we identify the key mediators that determine the uncoupling of CTL activation and AICD in T-LGL leukemia? In our experimental system, the indication that a protein (small molecule or complex) is a key mediator in the finding that altering its amount or function can induce apoptosis in leukemic T-LGL. Accordingly, a corresponding network node is a key mediator if its state stabilizes once a T-LGL-like state is achieved, and altering its state increases the frequency of the ON state of Apoptosis. The detailed method to identify key mediators is provided in SI Text. As summarized in Table S6 , experiments already suggested nine key mediators. We first tested whether our model could identify the corresponding nodes as key mediators. A rapid increase of apoptosis frequency was observed after resetting and maintaining the states of all of the known key mediators individually to their opposite states (from ON to OFF or from OFF to ON) after reproducing a T-LGL-like state. Examples of simulation results are provided in Fig. S2 .
Based on this result, we systematically simulated the effect of individually altering the states of all nodes that stabilize when a T-LGL-like state is achieved. A list of these nodes is provided in Table S7 . In addition to PDGF and its receptor, the model predicted seven additional key mediators: SPHK1, NFB, S1P, SOCS, GAP, BID, and IL2RB, all exhibiting a similar dynamics of inducing apoptosis in the model. Fig. 3A shows the effect of inhibiting SPHK1 as an example. Recently, we found that the sphingolipid signaling is deregulated in leukemic LGL (8) . Thus, we tested the effect of SPHK1 inhibition on leukemic T-LGL survival experimentally by using its chemical inhibitors, SPHK1 inhibitor-I and -II (SKI-I and SKI-II) (16, 17) . As shown in Figs. 3 B and C, both SKI-I and SKI-II significantly induced apoptosis in T-LGL leukemia PBMCs in a dose-dependent manner but not in normal PBMCs (n ϭ 4-6, P Ͻ 0.03). Our model predicts that NFB is constitutively active and is a key mediator of the survival of leukemic T-LGL (Fig. 4A) . Considering its importance in regulating T cell proliferation, cytotoxicity, and survival (18), we studied the activity and function of NFB in T-LGL leukemia. As shown in Fig. 4B , nuclear extracts of normal PBMCs rarely exhibited NFB activity as assessed by EMSA whereas NFB activity was detected in most of the nuclear extracts of T-LGL leukemia PBMCs.
Next, we examined the effect of inhibiting NFB by using its specific inhibitor 20) . As shown in Fig. 4C , BAY 11-7082 inhibited the constitutive activity of NFB in T-LGL leukemia PBMCs in a dose-dependent manner as as- sessed by EMSA. BAY 11-7082 (1 M) significantly induced apoptosis in T-LGL leukemia PBMCs but not in normal PBMCs (n ϭ 6, P Ͻ 0.009) (Fig. 4D) .
Based on the Boolean logical rule for NFB (see Table S4 ), it can be activated by PI3K or tumor progression locus 2 (TPL2)/cancer Osaka thyroid. During simulations, however, we noticed that the ON state of NFB was only determined by the constitutive activity of PI3K because resetting the state of PI3K from ON to OFF was necessary and sufficient to induce the rapid inhibition of NFB whereas altering the state of TPL2 did not affect NFB activity (Fig. 5A) . We then subjected the T-LGL leukemia PBMCs to PI3K specific inhibitor LY 294002 and tested the effect on NFB activity. LY 294002 (25 M) significantly inhibited the activity of NFB as assessed by EMSA (Fig.  5B ) and induced apoptosis in T-LGL leukemia PBMCs (data not shown) as reported (4). BAY 11-7082 did not inhibit the activity (phosphorylation) of v-akt murine thymoma viral oncogen homolog (AKT), an immediate downstream target of PI3K in T-LGL leukemia PBMCs, as assessed by Western blot assay (Fig. 5C ). We found that for simulations in which we reset the state of NFB from ON to OFF, the onset of apoptosis correlated tightly with the rapid down-regulation of Mcl-1 (Fig. 4A) . It has been shown that STAT3 transcriptionally regulates Mcl-1 in leukemic T-LGL (3). Interestingly, our model predicted that the initial Mcl-1 down-regulation after NFB inhibition was independent of STAT3 activity (Fig. 4A) . Our experimental results confirmed this prediction. As shown in Fig. 5C , the amount of Mcl-1 after BAY 11-7082 treatment did indeed decrease correspondingly to the decreased NFB activity whereas STAT3 activity remained unchanged after NFB inhibition, as assessed by EMSA, even at the highest dose of BAY 11-7082.
T box expressed in T cells (T-bet) Is Constitutively Active in Leukemic
T-LGL. It has been shown that leukemic T-LGL are incapable of producing IL-2 even upon in vitro stimulation (21) . It has also been shown that NFB promotes IL2 transcription (18) . In our model, this apparent conflict can be resolved if T-bet is consti- Table S4 , the Boolean logical rule governing the state of NFB is ''NFKB* ϭ [(TPL2 or PI3K) or (FLIP and TRADD and IAP)] and not Apoptosis''. When a T-LGL-like state is achieved, the state of TRADD stabilizes at OFF (see Table S7 ). Thus, the node that activates NFB can only be TPL2 or PI3K, which are known to be constitutively active in T-LGL leukemia (see Table S5 ). Rapid inhibition of NFB (white squares) was observed after inhibiting PI3K (X) but not after inhibiting TPL2 tutively active. As shown in Fig. 6A , when a T-LGL-like state was achieved, the state of T-bet stabilized at ON, and there was a rapid increase of IL-2 production when the state of T-bet was reset to OFF. In agreement with the model's prediction, T-bet was significantly elevated in T-LGL leukemia PBMCs compared with normal PBMCs at both mRNA and protein levels, as assessed by real-time PCR and Western blot assay (Figs. 6 B and C). In addition, T-LGL leukemia PBMCs exhibited high T-bet activity as assessed by EMSA whereas the T-bet activity was almost undetectable in normal PBMCs (Fig. 6D ).
Discussion
The long-term survival of competent CTL in T-LGL leukemia offers a unique opportunity to reveal the key mediators of CTL activation and AICD in humans. In this study, we curated the signaling pathways involved in normal CTL activation, AICD, and the deregulations in leukemic T-LGL and compiled them into a T-LGL survival signaling network. By formulating a Boolean dynamic model of this network, we were able to identify the potential causes and key regulators of this abnormal survival. Signaling pathways are complex and dynamic. However, experimental results are usually focused on limited interactions of the components in one pathway and neglecting the broader effects in the same or other pathways. Integrating existing pathway information to infer cross-talk among pathways is desirable, especially for studies in T-LGL leukemia where experimental data are limited. Using network theory as a tool, we identified the most unique interactions among known deregulated components in leukemic T-LGL in the context of CTL activation and AICD and summarized these signaling events in the form of a network. This served as an innovative platform to understand the abnormal CTL survival in T-LGL leukemia.
Multiple perturbations of signaling pathways in a disease can result from deregulation of only a subset of these pathways. However, identifying such a subset is difficult experimentally. In this study, we assessed this question in T-LGL leukemia by using a Boolean dynamic model. Through network simulations, we revealed the hierarchy among deregulated nodes in terms of determining other signaling abnormalities in leukemic T-LGL. The simultaneously constitutive presence of IL-15 and PDGF was shown to be sufficient to induce all know deregulations after initial T cell activation.
Leukemic T-LGL are suggested to be antigen-primed (12), long-term competent CTL (22) , similar to terminally differentiated effector memory cells (T EMRA ) (23) . It is worth noting that IL-15 has been shown to be important for CTL activation and generation of long-lived CD8ϩ memory cells (24, 25) . Both the CD8ϩ cells in the IL15 transgenic mice (26) and the IL15 transduced primary human CD8ϩ cells (27) indeed showed similar phenotypes as leukemic T-LGL. However, IL-15 alone cannot fully inhibit the onset of apoptosis in our model (Fig. 2C) . Increased PDGF production occurs under inflammatory conditions (28) , and it has been shown to exert an inhibitory effect toward CTL activation (29) . We had found that LGL leukemia is characterized by production of proinflammatory cytokines (14) . Here, we showed an increased level of PDGF in T-LGL patient sera. Our model and the following validation revealed that both pro-and anti-T cell activation signals are needed simultaneously to maintain the competency and survival of CTL in T-LGL leukemia. Our finding also suggests that provision of IL-15 and PDGF may be a strategy to generate long-lived CTL necessary for the development of virus and cancer vaccines.
Focusing on the effect of nodes on apoptosis in leukemic T-LGL, we revealed nodes that determine the uncoupling of CTL activation and AICD. We experimentally validated two predicted key mediators: SPHK1 and NFB, the inhibition of which induces apoptosis in leukemic T-LGL. It is worth noting that although NFB has been suggested to inhibit apoptosis in CTL (30) , its function in maintaining long-term CTL survival remains elusive. We validated the prediction that NFB is downstream of PI3K and prevents the onset of apoptosis in leukemic T-LGL through maintaining the expression of Mcl-1 independent of STAT3, another regulator of Mcl-1 in T-LGL leukemia (3) .
The confirmation of the constitutive NFB activation led to the validation of the constitutive T-bet activation in T-LGL leukemia predicted by our model. T-bet plays an important role in coupling the effector and memory CD8ϩ T cell fate (31) . It also inhibits the production of IL-2, which is known to be absent in leukemic T-LGL and in T EMRA (23, 32) . T-bet has been related to multiple autoimmune diseases in humans (33) (34) (35) (36) . T-LGL leukemia has important overlaps with autoimmune disorders, particularly rheumatoid arthritis (2) . The overexpression and constitutive activity of T-bet in leukemic T-LGL may help to reveal the common pathogenesis between T-LGL leukemia and other autoimmune diseases.
With the exponential increase of signaling pathway information, it is becoming more difficult to determine pathway interactions in a particular experimental system. In this study, we used network analysis and Boolean modeling to investigate the signaling abnormalities in T-LGL leukemia. This systems biology approach was able to maximize the use of the available pathway information and to identify the key mediators of CTL survival, highlighting their importance as potential therapeutic targets for T-LGL leukemia (Table S4) , T-bet is the only negative regulator of IL-2 expression when cells are still alive. Inhibiting T-bet (white squares) after 15 rounds of updating results in IL-2 (white diamonds) expression after achieving a T-LGL-like state (200 simulations). (B) T-LGL leukemia PBMCs (white squares, n ϭ 10) express 3.3-fold higher T-bet mRNA compared with normal (black circles, n ϭ 5, * , P Ͻ 0.02) as assessed by real-time PCR. (C) T-bet protein expression in T-LGL leukemia and normal PBMCs. Western blot assay result is representative of samples from eight healthy donors and six T-LGL leukemia patients. White space has been inserted to indicate realigned gel lanes. (D) T-bet is constitutively active in T-LGL leukemia patients. Nuclear extract from PBMCs of five T-LGL leukemia patients and five healthy donors were tested for their T-bet activity by using EMSA. T-bet exhibited high activity in most T-LGL leukemia patients but not in normal.
